prokaryotic actin homologs: MreB, FtsA, ParM, and crenactin. We demonstrate that the 23 majority of the conformational dynamics of prokaryotic actins can be explained by 24 treating the four subdomains as rigid bodies. MreB, ParM, and FtsA monomers 25 exhibited nucleotide-dependent dihedral and opening angles, while crenactin monomer 26 dynamics were nucleotide-independent. We further determine that the opening angle of 27 ParM is sensitive to a specific interaction between subdomains. Steered molecular 28 dynamics simulations of MreB, FtsA, and crenactin dimers revealed that changes in a U-shaped four-domain substructure, with two beta domains and a nucleotide binding 61 pocket between two alpha domains [7] . Among the actin homologs, one of the best 62 studied is MreB, which forms filaments that coordinate cell-wall synthesis in many rod- 63 shaped bacteria and is essential for maintaining cell shape in these species [8, 9] . FtsA is 64 an actin homolog with a unique structural domain swap that is essential for anchoring 65 the key cell-division protein and tubulin homolog FtsZ to the membrane [5, 10] . The 66 actin homolog ParM forms filaments that move R1 plasmids to opposite ends of rod- 67 shaped bacteria prior to cytokinesis [11] . Crenactin forms part of the archaeal cytoskeleton [12] ; its biological function is currently unknown, but is hypothesized to be 69 involved in DNA segregation and/or cell-shape control [12] . Given the common While X-ray crystallography and cryo-electron microscopy (cryo-EM) have 79 proven critical for elucidating the structures of monomers and filaments of prokaryotic 80 actins, understanding the mechanisms by which these proteins exert their functions, CHARMM36, the opening angle equilibrated at smaller angles for ADP-than ATP-bound MreB (Fig. S1B) , as expected from our previous study [13] . ATP-bound MreB 139 monomers also adopted a larger dihedral angle than ADP-bound monomers using 140 CHARMM36, similar to CHARMM27 (Fig. 2C,D, Fig. S1C ). Thus, despite small 141 differences, a similar nucleotide dependence in the conformation of MreB monomers 142 was observed using both CHARMM27 and CHARMM36 force fields, supporting our 143 use of CHARMM36 going forward.
144
While previous studies used the centers-of-mass of the four subdomains of In the CHARMM27 ATP-bound simulation, the RMSD of the entire protein 152 increased past 5 Å as the opening angle increased. However, the RMSD of each 153 subdomain remained at ~2 Å (Fig. 2E) , suggesting that most conformational changes 154 were inter-subdomain. Unsurprisingly, since the CHARMM36 simulation adopted a 155 smaller opening angle than the CHARMM27 simulation, the RMSD of the protein was 156 smaller as well (Fig. 2F) . Nonetheless, consistent with the CHARMM27 simulation, the determine whether subdomain structure was consistent between distinct MreB 159 monomer conformations, we computed RMSDs between the CHARMM36 equilibrium 160 structure and the CHARMM27 simulation at each time point. Since the CHARMM27 161 simulation adopted a larger opening angle than the CHARMM36 simulation, the RMSD 162 of the whole protein increased relative to the CHARMM36 equilibrium structure. Still, 163 the subdomain RMSDs remained at ~2 Å (Fig. S1D) . Thus, the structure of each residues. The subdomain RMSDs calculated after removing these high-RMSF residues 211 decreased to <2 Å, suggesting a stable core within each subdomain of ParM (Fig. 4D ).
212
We re-measured opening and dihedral angles excluding these high-RMSF residues, and 213 found that while the initial values changed, the same nucleotide dependencies relating 214 to dihedral and opening angle were observed (Fig. S4 ).
215
The high degree of variability in opening angle across replicate simulations 216 suggested the opportunity to identify the structural elements that underlie ParM 217 opening. In the crystal structure, the high RMSF loop of residues 58-67 interact strongly (Fig. S5A,B) . In one of these simulations, the interaction between residues 58-224 67 and 173-174 was initially disrupted but quickly recovered ( (Fig. 3) and crenactin (Fig. S7) . 275 Similar to MreB, the dihedral angle of the bottom subunit of an FtsA dimer was 276 correlated with filament bending along the second bending axis (Fig. 5A,B) . To test 277 whether coupling between the dihedral angle and filament bending was direct, we both ATP-and ADP-bound dimers equilibrated between -45° and -53° (Fig. S8D) , 288 suggesting that the large twisting angle is not a result of strained crystal contacts. By 289 contrast to MreB and FtsA, the dihedral angle of the bottom subunit of crenactin was 290 not correlated with filament bending, but rather with filament twist (Fig. 5D,E (Fig. S9B) , and observed progressive increases in twist magnitude (Fig. 5F ). In sum, 293 coupling of filament degrees of freedom to subunit conformational changes is 294 generalizable across at least some bacterial actin-family members. (Fig. 5, S6 ) indicate that the mechanism is not a trivial mechanical consequence of the four subdomain structure of 316 actin homologs. Instead, the coupling between dihedral angle and key filament angles 317 has likely been tuned for alternative filament behaviors over evolutionary time scales. 318 We observed distinct behaviors across actin homologs in terms of nucleotide 319 dependence. MreB and ParM monomers exhibited distinct nucleotide-dependent states 320 ( Fig. 2A-D (Fig. 3) . Similar to our previous observation that the 327 bending axis of an FtsA dimer rapidly changes upon release from crystal contacts [17], 328 there is likely flexibility in the conformation of FtsA subunits that is masked in X-ray 329 crystallography by symmetry requirements. For crenactin, we did not observe 330 nucleotide dependence in monomer conformation in our simulations, all of which were 331 carried out at 37 °C (Fig. S7) . Crenactin has little ATPase activity at 37 °C, with 332 maximum ATPase activity at 90 °C, which is far outside the temperature range for 
Methods

MD simulations
358
All simulations (Table S1) 
Simulated systems
MD simulations performed in this study are described in Table S1 . For simulated 375 systems initialized from a MreB crystal structure, the crystallographic structure of T. 
Analysis of dihedral and opening angles
390
The centers-of-mass of the four subdomains of each protein were obtained using VMD. Table S2 . subunits. Since d3 is defined to be zero at the start of the simulation, d2 represents the 407 ideal bending axis. d3 represents bending in a direction orthogonal to d2. I) When the dihedral angle of a ParM-ATP monomer was steered to 7.5° (gray box) 504 and then released, the angle re-equilibrated at a value similar to unconstrained 505 simulations (Fig. 4A) , indicating that ParM flattens upon polymerization. 
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